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Quantitative imaging of radiation intensity (QIRI) is a method of investigating 
temporally and spatially resolved radiation from species and particulates in turbulent 
flames. The current study reports quantitative images of radiation intensity from a 
turbulent ethylene flame that matches the Reynolds number (15,200) of a non-sooting 
flame from the International Workshop on Measurement and Computation of Turbulent 
Non-premixed Flames. A calibrated high-speed infrared camera with four band-pass 
filters was used to acquire images of radiation intensity in wavelengths corresponding to 
carbon dioxide, water vapor, and soot. The luminous flame measurements show thin 
radiating structures corresponding to soot layers and higher mean and fluctuating 
radiation intensities compared to quantitative images of radiation intensity from a non-
sooting flame.  For centerline locations downstream of initial soot radiation detection, the 
temporal autocorrelation of radiation from soot approaches zero more rapidly than 
radiation from carbon dioxide.  The normalized probability density functions indicate that 
the PDF of soot radiation is skewed towards higher intensities while the PDF of carbon 
dioxide radiation is skewed towards lower intensities.  Images of computed radiation 








CHAPTER 1. MOTIVATION AND OBJECTIVES 
1.1 Literature Review 
Turbulent sooting flames are important in many combustion applications such as 
industrial furnaces, gas turbine engines, and fire safety.  Radiation heat transfer can affect 
soot formation, oxidation, and emission.  The incorporation of radiation effects to 
computational models of sooting flames is important in order to estimate flame 
temperature, which in turn controls soot formation and oxidation rates [1].  It is also 
necessary to consider the coupling of radiation with chemistry, turbulence, and flame 
structure to model soot formation [2-4]. 
Gore and Faeth [5] investigated the structure and spectral radiation characteristics 
of turbulent ethylene/air diffusion flames.  Their work concluded that the effects of 
turbulence/radiation interactions were more significant for continuum radiation from soot 
than for 4.3µm gas band radiation from carbon dioxide.  Zheng and Gore [6] measured 
spectral radiation intensities and applied deconvolution and inverse radiation techniques 
to estimate radial profiles of temperature and soot volume fractions.  At 40 diameters (D 
= 8 mm) downstream, a peak mean temperature of 1500K and peak soot volume fraction 
of .4 ppm were reported at a radius of 2.4 diameters.  The work emphasized the need for 
acquiring benchmark experimental data of luminous flames similar to the International 







More recently, soot volume fractions in turbulent luminous flames have been 
measured with laser-induced incandescence (LII) [8-12].  Xin and Gore [8] used LII 
measurements to characterize the statistical distribution of soot in turbulent buoyant 
flames.  Ensemble averaged soot volume fractions were found to increase with 
downstream distance from the burner exit before peaking and decreasing toward the 
flame tips.  The intermittency reduced the mean peak value by an order of magnitude 
compared to the instantaneous peak value.  Qamar et al. [9] measured soot volume 
fractions in a turbulent natural gas flame using LII.  Their results showed that soot layers 
were formed near strained flame sheets and were convected and distorted by the flow.  
The axial and radial distributions of soot were utilized to support analytical models of 
soot.  Köhler et al. [10] presented the first simultaneous, instantaneous particle image 
velocimetry (PIV) and LII measurements in a heavily sooting flame.  The study 
emphasized the need for time dependent simulations of spatial and temporal dynamics of 
soot events throughout the flame.  Lee et al. [11] utilized LII and planar laser-induced 
fluorescence (PLIF) to measure soot, hydroxyl radical (OH), and polycyclic aromatic 
hydrocarbon (PAH) concentrations in a turbulent nonpremixed ethylene/air flame.  
Distinct soot, OH, and PAH formation/oxidation regions were characterized. Turbulence 
levels influenced the amount of soot produced but did not affect the characteristic shape 
of the soot profiles. Soot field structures were found to be highly intermittent, anisotropic, 
isolated, and thin in the direction along the flame axis.  Buxton et al. [12] built upon these 
concepts to perform simultaneous PLIF, LII, and PIV measurements in a sooting jet 
flame.  Soot structures were observed in regions with low magnitude Reynolds stresses.  






mean soot volume fraction.  Alternate laser diagnostics techniques such as krypton laser-
induced fluorescence (LIF) [13] and nonlinear excitation regime two-line atomic 
fluorescence (NTLAF) [14-15] have also emerged to validate models of turbulent sooting 
flames. These studies have advanced the understanding of complex soot generation and 
interaction in luminous turbulent flames.  The establishment of representative sooting 
flames with well-defined operating conditions that emerged as part of the International 
Sooting Flame (ISF) Workshop [16] highlights the need for data capable of guiding 
advanced computational models of resolved scale and subgrid scale soot processes. 
Incorporating radiation into the computations of sooting flames has increased 
predictive capabilities.  Constant radiant fractions of flames assumed to be optically thin 
have been employed, reaching qualitative agreements with experimental data and 
concluding that changes in radiation models can affect qualitative and quantitative 
predicted results [17-18].   Snegirev [19] combined a statistical variation in parameters 
consistent with experimental characterizations of turbulence radiation interactions and a 
gray continuous radiation model to achieve a more robust and computationally efficient 
model of buoyant turbulent diffusion flames containing soot.  Treating soot as gray 
particles may produce significant error in more heavily sooting flames [20].  More 
complex models such as the Weighted-Sum-of-Gray-Gases and Gray Wide Band models 
have been applied to computations [21-22], but when gas radiation is significant the 
accuracy of these models is diminished [23-25]. Kӧhler et al [26] compared velocity, 
temperature, and soot-volume fractions of a heavily-sooting turbulent ethylene-air flame 
to predictions from DLR in-house CFD code THETA.  Good agreement was found for 






volume fraction demonstrated differences attributed to a simplified turbulence model.  
This application of extensive experimental measurements of a heavily-sooting turbulent 
flame to model validation highlights the utility of creating large experimental data sets 
for such flame types.  Modest et al. [27-29] applied gas-phase chemistry and soot models 
validated for laminar flames to turbulent flames and found good agreement with 
experimental temperature and soot volume fractions.  They compared radiative heat flux 
from the model to experiment data, reaching good agreement.  Mueller et al. [30] 
developed an integrated LES model for sooting turbulent nonpremixed flames.  An 
important parameter in this model was heat loss due to radiation.  Chatterjee et al. [31] 
developed a new approach for modeling soot radiation in buoyant diffusion flames, 
validated for laminar smoke point flames and adapted for application in LES of turbulent 
sooty flames.  Peak radiant emission values were found to closely match experimental 
data, with more work needed to match locations of peak emission.  Zimberg [32] and 
Desjardin [33] applied a variety of soot radiation models to eddy simulations with 
improved results.  Wang et al. [1] suggest that Large Eddy Simulations (LES) with 
reduced chemical kinetics with fuel-rich chemistry and radiation model can predict soot 
formation in an ethylene nonpremixed jet flame.  The study concluded that experimental 
radiation intensity measurements were important for validation of LES and subgrid scale 
models of soot formation and oxidation processes. 
Quantitative imaging of radiation intensity can provide new insights and data for 
comparison with computational models [34-35].  QIRI has been demonstrated as a 
comparison tool for validating computed and measured flame instability magnitudes and 






Schefer et al. [41] utilized infrared imaging of a large-scale hydrogen flame to quantify 
flame lengths and radiation statistics.  Experimental imaging of radiation intensity has 
also been applied to pulsed detonation combustion [42], multiphase spray flames with 
high liquid loading [43-44], and flames resulting from the hypergolic ignition of neat 
liquid propellants [45].  By utilizing LES scalar values combined with a narrowband 
radiation model (RADCAL) [46], Rankin [34-35] rendered images of radiation intensity.  
These were based on LES performed by Ihme and Pitsch [47-48].  Computational image 
generation allowed radiation intensity results to be displayed in a format that mimicked 
experimental observations [34-35]. 
Literature has been published on single-line-of-sight radiation measurements in 
luminous flames and QIRI of non-luminous flames.  However, QIRI of luminous flames 
with visible structures of radiation from both gas species and soot within the flame has 
not been reported in the literature. 
1.2 Objectives 
 
Motivated by a review of the existing literature on turbulent soot radiation 
measurements and the availability of experimental and computational quantitative 
imaging of radiation intensity for turbulent sooting flames, the objectives of the current 
study are as follows: 
 
1. Present narrowband quantitative images of radiation intensity from soot, CO2, and 






2. Compare the quantitative images of radiation intensity to quantitative images of 
radiation intensity from a non-sooting turbulent flame of the same Reynolds 
number; 
3. Examine radiation statistics from a turbulent sooting flame, focusing on the 
results from soot-band radiation and gas-band radiation; and 
4. Compute quantitative images of radiation intensity of a turbulent sooting flame 
using large eddy simulation scalars, a narrowband radiation model, and the 









CHAPTER 2. EXPERIMENTAL AND COMPUTATIONAL METHODS 
2.1 Flame and Coordinate System 
The nonpremixed turbulent ethylene flame was established on a 480mm long tube 
with a nominal inner diameter (D) of 8mm.  The selection of a turbulent ethylene 
diffusion flame established on a simple burner geometry is a good case for comparing to 
computational turbulent soot models [10, 26, 34-35].  An ethylene flow rate of 993 mg/s 
was selected to match the Reynolds number (15,200) of a representative nonluminous 
turbulent flame (flame A) from the TNF Workshop [7].  The Reynolds number was 
calculated based on cold gas properties, the exit velocity, and exit diameter.  The mass 
flow rate was calibrated using a dry test turbine meter and controlled by setting the 
pressure upstream of a choked orifice plate.  Given the identical burner tube diameter and 
the closeness of gas phase kinematic viscosities at room temperature as well as the 
hydrocarbon stoichiometry, the identical Reynolds number represents similarity of 
residence times for the mixing, reaction, and radiation processes. 
Figure 2.1 illustrates the experimental arrangement for the flame and radiation 
intensity measurements.  The flame coordinate system (x, r,  ) was defined with an origin 
located at the center of the burner exit.  The camera coordinate system (X,R,Y) was 
defined with an origin located at (x, r,  ) = (0, d, 0)  where d is the distance between the 
camera lens and the flame axis.  The burner was mounted to a traverse mechanism 






                   
Figure 2.1. Visible image and experimental arrangement for acquiring quantitative 
images of the radiation intensity from the turbulent sooting flame. 
 
2.2 Radiation Intensity Measurements 
Time-dependent images of the infrared radiation intensity emitted from the 
turbulent ethylene flame were measured using a calibrated high speed infrared camera.  
The camera was located 50 cm from the flame centerline.  The spatial resolution was 
approximately 0.61 mm for each pixel width at the center of the flame.  Four bandpass 
filters were used to measure radiation from Soot (S) and H2O (2.58 ± 0.03 μm); S, H2O, 
and CO2 (2.77 ± 0.12 μm); S only (3.71 ± 0.07 μm); and S and CO2 (4.34 ± 0.10 μm).  
A .5 ND filter was also utilized in conjunction with the 4.34 μm filter in some cases.  The 






through the flame as shown in Fig. 1 and described by the solution to the radiative 
transfer equation for absorbing-emitting media [34, 46], 
  ∫   ( ) 




 )  (     
 )   





           (1) 
                                   (2) 
where     is the blackbody spectral intensity and    and    are the spectral limits of the 
filter.           are transmission losses through the filter and lens and the spectral response 
of the camera focal plane array, first demonstrated by Rankin et al. [34-35].          is 
the reported quantitative radiation intensity incident upon the camera detector. The 
optical thickness (  ) is defined as [35] 
   ∫     
 
 
                  (3) 
where κλ is the spectral absorption coefficient and s is the path length. 
The camera was calibrated using a small cavity blackbody radiation source 
positioned at the same distance as the camera from the plume centerline to account for 
the effect of atmospheric absorption.  Transmission losses through the lens and filter and 
response of the detector were included in the calibration process. 
The infrared camera integration time for each snapshot was varied from 6-100 µs 
in order to optimize the detector sensitivity.  Sampling rates were between 290 and 345 
Hz, depending on the camera exposure time.  At each location, 6400 infrared images 
were collected.  Time-dependent mean and RMS were determined from these data.  The 
uncertainty in the mean radiation intensity measurements was previously established to 
be 15% (95% confidence) based on intensity measurements using the same camera and 
associated optics [34-35].  Further analyses of probability density function (PDF) and 







regions (X/D = 20, 60, 100, 140) following the methods of Rankin et al [34-35].  
Temporal correlation coefficients are calculated by 
 (  )   
    (    )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  ( ) ̅̅ ̅̅ ̅̅ ̅̅
                 (3) 
where    is a time-dependent radiation intensity fluctuation from the mean intensity and t 
is time. Because all bandwidths except 4.34 ± 0.10 μm are dominated by soot radiation, 
PDF and temporal correlation figures are only shown for the S only (3.71 ± 0.07 μm) and 
S and CO2 (4.34 ± 0.10 μm) bandwidths for comparison. 
2.3 Computed Images of Radiation Intensity 
Time-dependent quantitative images of radiation intensity were created utilizing 
LES computations and RADCAL [34-35, 46].  The LES model was created by Mueller et 
al. [49] and consists of a Hybrid Method-of-Moments (HMOM) soot model, a flamelet-
based combustion model, and a presumed PDF approach to provide closure for the 
governing equations. Data was provided by Mueller [50] and represents work still being 
developed.  Complete details of the LES and soot models are given by Mueller et al. [51]. 
 The flame modeled by Mueller et al. [49] is a sooting turbulent nonpremixed bluff 
body ethylene flame and matches an experimentally established flame.  The bluff body 
burner had an outer diameter of 50 mm and a central fuel jet diameter of 3.6 mm. The 
burner was mounted in a contraction with exit cross-section of 150 mm × 150 mm with 
coflow of air.  To ensure uniform flow with low turbulence the coflow was pre-
conditioned with flow straighteners and a fine mesh.  The length of the contraction in the 
streamwise direction was 100 mm. The bluff body surface was elevated 10 mm above the 
exit plane of the surrounding contraction.  The burner geometry has previously been 







selected as fuel for both its high sooting propensity and its extensive use for soot model 
validation in laminar flames.  The velocity of the fuel was 74.2 m/s and the air coflow 
was 23 m/s, giving a jet Reynolds number of approximately 30,900 and heat release of 
41.7 kW.  The visible flame height was measured to be approximately 550 mm. For the 
central jet, the inflow profile was obtained from separate LES assuming fully developed 
pipe flow with 10% increased turbulence intensity.  The coflow was also found by a 
separate simulation of turbulent boundary layer.  Figure 2.2 shows a visible image of the 















Figure 2.2. Photograph of the bluff body ethylene flame indicating the three distinct 








Following the approach of Rankin [34] and Newale [55], scalars of carbon 
dioxide and water vapor mole fractions, soot volume fractions, temperature, and 
coordinates resulting from the LES computations were utilized with Equations 1-2 in 
RADCAL [46] to create computed images of radiation intensity.  Path lengths were 
computed by assuming uniform distribution within the resolution of the LES mesh in the 
axial, radial, and azimuthal directions.  The narrowband radiation is convoluted by 
integrating lines-of-sight through the flame and integrating over the spectral 
transmissions of the optics and camera for bandpass filters corresponding to radiation 
from Soot (S) and H2O (2.58 ± 0.03 μm); S, H2O, and CO2 (2.77 ± 0.12 μm); S only (3.71 
± 0.07 μm); and S and CO2 (4.34 ± 0.10 μm).  A quantified image of radiation intensity is 
obtained by performing this procedure along parallel lines-of-sight through the flame 
consistent with the spatial and temporal resolution of the computed scalar values.  
Multiple view angles varied with azimuthal angle orthogonal to the flame axis are 
obtained by integrating parallel lines-of-sight with respect to the camera for different 
azimuthal angles.  The LES computation was performed in cylindrical coordinates on a 











CHAPTER 3. QUANTITATIVE IMAGING OF RADIATION INTENSITY OF A 
TURBULENT SOOTING FLAME 
Motivated by the detrimental effects of pollutant emissions from combustion 
devices on health and environment, a turbulent sooting ethylene diffusion flame is 
studied in this work.  Large radiation heat loss from these flames is also of interest in 
applications involving manufacturing and heating furnaces and fire safety.  Quantitative 
imaging of infrared radiation intensity is a method of comparing measurements and 
results of large eddy simulations rendered in the form of images.  The current study 
reports quantitative experimental images of the infrared radiation intensity from a 
turbulent ethylene flame that matches the Reynolds number of a non-sooting flame from 
the International Workshop on Measurement and Computation of Turbulent Non-
premixed Flames. A high-speed infrared camera with three band-pass filters was used to 
acquire the images of radiation intensity. Measurements using a fast infrared array 
spectrometer were obtained for comparison.  The luminous flame measurements show 
thin radiating structures corresponding to soot layers and significantly higher mean and 
fluctuating radiation intensities.   
3.1 Quantitative Images of Radiation Intensity 
Time-dependent images of the radiation intensity from the turbulent sooting flame 
for the 2.58 ± 0.03 μm, 2.77 ± 0.12 μm,  and 4.34 ± 0.10 μm bands are shown in Figures 







separated by approximately 2.9 – 3.7 ms are shown from left to right in these figures.  
They are labeled to indicate which figures show radiation from S, H2O, and CO2.  The 
images are spatially related from top to bottom; however, there is no direct temporal 
relationship in the vertical direction.  Regions of high and low intensity appear 
throughout the flame both on and off the image centerline.  The time-dependent images 
show thin regions of high radiation intensity in the lower wavelengths centered at 2.58 
µm, and 2.77 µm where broadband radiation from soot is dominant.  This is consistent 
with published LII measurements of sooting turbulent flames [8-12] where thin, 
intermittent soot regions were reported.  The thin, high radiation intensity regions are not 
observed in the longer wavelengths centered at 4.34 µm.  Instead, the images of the 
infrared radiation intensity from the turbulent sooting flame qualitatively are consistent 
with images of the nonluminous turbulent flame for the longer wavelengths [34-35].  
These observations agree with past spectral measurements of the turbulent ethylene flame 
demonstrating that the radiation intensity from soot is most significant at wavelengths 








Figure 3.1. Time-dependent quantitative images of radiation intensity for 2.58 ± 0.03 μm 







































Figure 3.2. Time-dependent quantitative images of radiation intensity for 2.77 ± 0.12 μm 
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Figure 3.3. Time-dependent quantitative images of radiation intensity for 4.34 ± 0.10 μm 











Figures 3.4, 3.5, and 3.6 show mean radiation intensity for all bandwidths 
previously discussed.  A low intensity region is observed near the burner exit extending 0 
≤ x/D ≤ 40 for the soot-dominant bandwidths and 0 ≤ x/D ≤ 20 for the CO2-dominant 
bandwidth.  This is consistent with past measurements of radiation intensity from 
turbulent jet flames [34] and is caused by the shorter path lengths and lower path-
averaged temperatures in this region.  The mean radiation increases to peak at X/D = 85 
for the 2.58 µm and 2.77 µm bandwidths and X/D = 75 for the 4.34 µm bandwidth.  For 
the 4.34 µm multiple localized peaks in radiation intensity are visible at x/D = 65 and 85, 
though these broadly follow a steady increasing and decreasing trend within experimental 
uncertainty.  This effect is further discussed in the Appendix.  Beyond the peak intensity 
(85 ≤ x/D ≤ 160) the mean radiation intensity decreases steadily in the plume region.  
Ambient air entrained into the flow cools and dilutes the combustion products and 





























Figure 3.4. Time-averaged quantitative images of radiation intensity for 2.58 ± 0.03 μm 
corresponding to soot and water vapor. 
  


























Figure 3.5. Time-averaged quantitative images of radiation intensity for 2.77 ± 0.12 μm 



























Figure 3.6. Time-averaged quantitative images of radiation intensity for 4.34 ± 0.10 μm 








3.2 Comparison to Non-Sooting Flame 
To further differentiate this work from previous measurements the mean and 
normalized RMS radiation intensities along the centerline are shown in Figure 3.7, 3.8, 
and 3.9 for each filter wavelength and compared to radiation intensity measurements 
from a non-luminous turbulent flame stabilized with the same Reynolds number and 
burner [34-35].  The two flames are different in chemistry and therefore temperature, 
concentration, and other scalars.  Different measurements of radiation intensity are 
therefore expected and shown in Figures 3.7-3.9 for comparison.  The peak radiation 
intensity is observed near x/D = 85 for the soot-dominant wavelengths and at x/D = 75 
for the CO2-dominant wavelengths.  The difference in the locations of the peak radiation 
intensity are based on the facts that soot volume fractions decrease due to oxidation and 
cools by radiation at heights lower than those at which the radiative cooling of CO2 
occurs.  Peak centerline radiation intensity is greater in the luminous flame by a factor of 
3 at the 2.58 ± 0.03 μm and 2.77 ± 0.12 μm wavelength bands and a factor of 1.3 at the 
4.34 ± 0.10 μm wavelength band.  The luminous flame radiation intensity has a steeper 
slope around the peak value at the soot-dominant 2.58 ± 0.03 μm and 2.77 ± 0.12 μm 
bands.  Both the sooting and non-sooting flames exhibit an axially symmetric radiation 
intensity rise and fall around the peak centerline value, within experimental uncertainty. 
Normalized RMS increases from 0 near the burner, remains approximately constant 
for 20 ≤ x/D ≤ 90 and exhibits nonlinear increase in the plume region beyond the peak 
intensity.  The shape and the magnitude of the normalized RMS are similar for the 







Figure 3.7. Mean centerline radiation intensity and normalized RMS for 2.58 ± 0.03 μm 
corresponding to soot and water vapor.  Measurements for non-sooting flame from [34].  
Figure 3.8. Mean centerline radiation intensity and normalized RMS for 2.77 ± 0.12 μm 
corresponding to soot, water vapor, and carbon dioxide.  Measurements for non-sooting 








Figure 3.9. Mean centerline radiation intensity and normalized RMS for 4.34 ± 0.10 μm 















































CHAPTER 4. GAS-BAND AND SOOT-BAND RADIATION CHARCTERISTICS OF 
A TURBULENT SOOTING FLAME 
Time-dependent and time-averaged quantitative images of radiation intensity for a 
turbulent ethylene diffusion flame are reported in this chapter.  Two band-pass filters 
were used to acquire images of radiation intensity in wavelengths corresponding to soot 
only and carbon dioxide and soot.  A .5 ND filter was utilized in conjunction with the 
filter corresponding to carbon dioxide and soot.  An emphasis is placed on analysis of 
radiation predominantly from soot compared to radiation predominantly from gases such 
carbon dioxide.  The results of this work can be utilized for validation of models of soot 
formation, oxidation, and emission. 
4.1 Quantitative Images of Radiation Intensity for Soot and CO2 
Time-dependent images of the radiation intensity from the turbulent sooting flame 
for the 3.71 ± 0.07 μm  and 4.34 ± 0.10 μm with .5 ND filters are shown in Figure 4.1, 
left to right.  They are labeled to indicate which figures show radiation from S and CO2.  
The images are spatially related from top to bottom; however, there is no direct temporal 
relationship in the vertical direction.  Regions of high and low intensity appear 
throughout the flame both on and off the image centerline.  The time-dependent images 
show thin regions of high radiation intensity in the lower wavelengths centered 3.71 µm 
where gray broadband radiation from soot is the only measurable source of radiation 







[8-12] where thin, intermittent soot regions were reported.  These observations agree with 
past spectral measurements of the turbulent ethylene flame demonstrating that the 
radiation intensity from soot is most significant at wavelengths below 4 µm [2].  The thin, 
high radiation intensity regions are not observed in the longer wavelengths centered at 
4.34 µm with a .5 ND filter.  Instead, the images of the infrared radiation intensity from 
the turbulent sooting flame qualitatively are consistent with images of the nonluminous 
turbulent flame for the longer wavelengths [34-35]. 
Figure 4.2 shows mean radiation intensity for all bandwidths previously discussed.  
A low intensity region is observed near the burner exit extending 0 ≤ x/D ≤ 40 for the 
soot-dominant bandwidths and 0 ≤ x/D ≤ 20 for the CO2-dominant bandwidth.  This is 
consistent with past measurements of radiation intensity from turbulent jet flames and is 
caused by the shorter path lengths and lower path-averaged temperatures in this region.  
The mean radiation increases to peak at X/D = 85 for the 3.71 µm bandwidth and X/D = 
75 for the 4.34 µm bandwidth.  Beyond the peak intensity (85 ≤ x/D ≤ 160) the mean 
radiation intensity decreases steadily in the plume region.  Ambient air entrained into the 



























Figure 4.1. Time-dependent quantitative images of radiation intensity for 3.71 ± 0.07 μm 






























Figure 4.2. Time-averaged quantitative images of radiation intensity for 3.71 ± 0.07 μm 









4.2 Comparison to Non-Sooting Flame 
Measurements the mean and normalized RMS radiation intensities along the 
centerline are shown in Figures 4.3 and 4.4 and are compared to radiation intensity 
measurements from a non-luminous turbulent flame stabilized with the same Reynolds 
number and burner [34-35].  Because there was negligible soot formation in the non-
luminous turbulent flame, there are no measurements reported for the non-luminous 
flame at wavelengths of 3.71 ± 0.07 μm.  The peak radiation intensity is observed near 
x/D = 85 for the soot-dominant wavelengths and at x/D = 75 for the CO2-dominant 
wavelengths.  The difference in the locations of the peak radiation intensity are based on 
the facts that soot volume fractions decrease due to oxidation and cools by radiation at 
heights lower than those at which the radiative cooling of CO2 occurs.  Peak centerline 
radiation intensity is greater in the nonluminous flame by a factor of 1.3 at the 4.34 ± 
0.10 μm wavelength bands.  This is due to the use of a .5 ND filter which would 
otherwise double the values of radiation intensity for soot and carbon dioxide.  Both the 
sooting and non-sooting flames exhibit an axially symmetric radiation intensity rise and 
fall around the peak centerline value, within experimental uncertainty. 
Normalized RMS increases from 0 near the burner, remains approximately 
constant for 20 ≤ x/D ≤ 90 and exhibits nonlinear increase in the plume region beyond the 
peak intensity.  The shape and the magnitude of the normalized RMS are similar for the 









  Figure 4.3. Mean centerline radiation intensity and normalized RMS for 3.71 ± 0.07 μm 
corresponding to soot. 
Figure 4.4. Mean centerline radiation intensity and normalized RMS for 4.34 ± 0.10 μm 
corresponding to soot and carbon dioxide with a .5 ND filter.  Measurements for non-










4.3 PDF and Temporal Autocorrelation of Radiation Intensity for Soot and CO2 
The normalized PDFs and temporal correlations at X/D = 20, 60, 100, and 140 
along the flame centerlines for the S only (3.71 ± 0.07 μm) and CO2 + S (4.34 ± 0.10 μm) 
bandwidths are shown in Figures 4.5 and 4.6.  The data for 3.71 ± 0.07 μm is indicative 
of results from 2.58 ± 0.03 μm and 2.77 ± 0.12 μm.  Close to the burner exit at X/D = 20, 
the distribution for both S and CO2 + S radiation bandwidths are symmetrical and 
diminish to 0 within 2.5 standard deviations.  At X/D = 60, just upstream of peak 
radiation intensity, both bandwidths demonstrate skewness.  The S PDF is skew right 
while the CO2 + S PDF is skew left.  This indicates that mean intensity for S is dominated 
by occasional periods of high intensity while the opposite is true for CO2 + S.  These 
same trends are evident at X/D = 100 which is just downstream of peak mean radiation 
intensity.  At X/D = 140 both bandwidths exhibit PDFs that are skew left, indicating that 
near the flame tip both S and CO2 + S mean radiation are dominated by occasional 
periods of high intensity.  This is consistent with the flame tip and plume region 
containing areas where cooling air intermittently mixes with combustion products. 
The temporal correlations at X/D = 20, 60, 100, and 140 along the flame 
centerlines for the S only (3.71 ± 0.07 μm) and CO2 + S (4.34 ± 0.10 μm) bandwidths are 
shown in Figure 6.  The coefficients are calculated according to [34] and provide a 
measure on a scale of 0 to 1 of how each measurement correlates to subsequent 
measurements at a given location.  The curve for both bandwidths at all heights follows 
an exponential decay from 1 to 0.  At X/D = 20, the temporal correlation for CO2 + S 
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therefore the S radiation intensity collected at all times is expected to be uniformly low.  
At all other distances downstream, the S temporal correlation decreases more rapidly due 
to the more intermittent nature of the soot structures compared to the bulk radiative 
structures found for CO2 + S. 
 
Figure 4.5. Normalized PDFs at four different locations (X/D = 20,60,100,140) along the 





















































CO2 + S  
Figure 4.6. Temporal correlation at four different locations (X/D = 20,60,100,140) along 
the image centerline for S only (3.71 ± 0.07 μm) and S and CO2 (4.34 ± 0.10 μm) bands 












CHAPTER 5. COMPUTED QUANTITATIVE IMAGES OF RADIATION 
INTENSITY FROM A TURBULENT SOOTING FLAME 
Four computed images of radiation intensity of what an infrared camera with 
filters and optics matching those described in Section 2.2 would see viewing the LES 
results of Mueller et al. [49] are shown in Figures 5.1-5.4.  View angles of a reference of 
0°, 90°, and 180° are shown, with other angles able to be calculated consistent with the 
LES mesh resolution.  Four bandpass filters were applied to the LES results 
corresponding to radiation from Soot (S) and H2O (2.58 ± 0.03 μm); S, H2O, and CO2 
(2.77 ± 0.12 μm); S only (3.71 ± 0.07 μm); and S and CO2 (4.34 ± 0.10 μm).  The details 
of how the LES calculations were performed and how the radiation intensity images were 
calculated are described in Chapter 2 Section 3. 
For bandwidths centered at 2.58 μm, 2.77 μm, and 3.71 μm, an area of high 
intensity is visible near the burner exit for 0 ≤ x/D ≤ 1 consistent with the luminous 
recirculation zone shown in experimental visible images [49].  For 1 ≤ x/D ≤ 3 there is 
very little radiation intensity which also agrees with experimental visible images that 
demonstrate a necking area in this region.  Beyond 3 ≤ x/D, structures of high radiation 
intensity are intermittent, with discrete regions of high intensity near 7, 9, and 12 
diameters downstream.  This is referred to in [49] as a jet-like region.  As shown in the 
turbulent ethylene flame in chapters 3 and 4, discrete areas of high radiation intensity for 







subsequent oxidation of PAH and soot particles.  In the rotation of view angles from 0° to 
180°, the images appear to closely resemble mirroring of each other.  Figure 5.4 shows a 
time-dependent image of radiation intensity in the bandwidth 4.34 ± 0.10 μm 
corresponding to soot and carbon dioxide.  The image shows several qualitative 
similarities with the soot-dominant images such as distinct recirculation, necking, and jet 
regions.  However, though the regions of high radiation intensity are still present, there 
are more regions of medium radiation intensity interspersed between the regions of high 
intensity.  This is consistent with experimental measurements of radiation intensity from 
a different turbulent ethylene flame where radiation in bands dominated by carbon 
dioxide was shown to have larger, less discrete structures.  This is because regions of soot 
agglomerate more compared to gases.  The rotation of views from 0° to 180° also shows 
less mirroring than images at soot-dominated bands of radiation intensity.  Computing 
time-dependent quantitative images of radiation intensity from LES for multiple views is 
a powerful validation tool for comparison to experimental radiation measurements.  
Experimental infrared images of this particular flame were not available, but future work 
should compare experimental and computational images and turbulent radiation statistics 









   
Figure 5.1. Time-dependent quantitative images of radiation intensity for 2.58 ± 0.03 μm 








Figure 5.2. Time-dependent quantitative images of radiation intensity for 2.77 ± 0.12 μm 








Figure 5.3. Time-dependent quantitative images of radiation intensity for 3.71 ± 0.07 μm 








Figure 5.4. Time-dependent quantitative images of radiation intensity for 4.34 ± 0.10 μm 













CHAPTER 6. SUMMARY AND CONCLUSIONS 
Quantitative imaging of radiation intensity for turbulent sooting ethylene flames 
are reported for the first time in this work.  This technique enables new insights into time-
dependent radiative heat transfer in sooting flames, an important parameter in modeling 
soot formation and oxidation.  The motivation and objectives of this work were presented 
in Chapter 1.  The experimental and computational methods employed in this work were 
describe in Chapter 2.  Experimental quantified images of radiation intensity were 
collected for a turbulent ethylene diffusion flame with the same Reynolds number as a 
standard non-luminous flame in Chapter 3.  Differences in radiation characteristics for 
gas-dominant and soot-dominant bands of radiation intensity were presented in Chapter 4.  
Computational quantitative images of radiation intensity were presented in Chapter 5 for 
a sooting turbulent nonpremixed bluff body ethylene flame at different bands of radiation 
intensity and a variety of view angles.  The comparison of experimental and 
computational images of radiation intensity for sooting flames provides insight and 
prompts improvements to predictive computational flame models. 
Compared to a non-luminous flame of the same Reynolds number and same 
experimental measurements, the luminous ethylene flame recorded higher radiation 
intensities due to the broadband gray radiation of soot in the flame.  Discrete structures 
qualitatively similar to LII were evident in bands of radiation dominated by soot, whereas 







similar to images from a non-luminous flame.  The PDF and temporal autocorrelation 
coefficients of gas-dominant and soot-dominant radiation bands were demonstrated to be 
distinct due to the intermittent presence of high-intensity soot in the diffusion flame.  
This suggests that models of radiation intensity from sooting flames may need to consider 
both gas and soot radiation in order to accurately predict heat fluxes.  The method of 
integrating the convolution of LES scalar results to obtain time-dependent images of 
radiation was demonstrated in this work.  Quantitative and qualitative trends observed in 
the experimental ethylene diffusion flame were also observed in the computational results, 
providing evidence to support the use of experimental quantitative images of radiation 













CHAPTER 7. RECOMMENDATION FOR FUTURE WORK 
Based on the findings in this work, there are several promising avenues of future 
research categorized as follows: 
1. Further turbulent spatial and temporal statistics of the turbulent ethylene 
diffusion flame should be investigated to better characterize the radiation statistics 
of the flame.  The methods of Rankin et al. [35] could be applied to the gas-
dominant and soot-dominant bands of radiation intensity to further investigate the 
differences. 
2.  Combining infrared imaging with other laser diagnostics for turbulent sooting 
flames such as laser induced incandescence (LII) would shed insight into the 
turbulent soot radiation interactions.  A correlation between soot volume fraction 
and radiation intensity could be made through deconvolution and compared 
directly with LII results. 
3.  LES computations of the turbulent ethylene diffusion flame of Reynolds 
number 15,200 should be completed and computational and experimental results 
should be compared directly. 
4.  Experimental infrared camera measurements of the sooting turbulent 
nonpremixed bluff body ethylene flame for which LES results have been 
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APPENDIX. EFFECTS OF NEAR-SATURATION RADIATION INTENSITY ON 
CAMERA OPTICS. 
 
When utilizing the infrared camera to obtain experimental measurements of 
radiation intensity from the turbulent ethylene diffusion flame of Reynolds number 
15,200, some of the flame regions demonstrated radiation intensities near the saturation 
limit of the camera detector.  This resulted in a distorted radiation intensity measurement 
with respect to space.  Radiation intensity values near the edges of the image were 
underreported in the center of images with higher values reported in a ring around the 
image, shown in Figure A.1.  Figure A.1 is an image of mean radiation intensity of a 
turbulent ethylene diffusion flame in the 4.34 ± 0.10 μm bandwidth corresponding to soot 
and carbon dioxide.  The distortion is evident between 55 ≤ x/D ≤ 95.  This effect was not 
observed for all data collected, with a negligible effect evident in Chapter 3.  The 
transient nature of this phenomenon is not fully understood but may be due to heating of 
the camera optics by the ethylene flame.  It may also be affected by the non-uniformity 
correction of the camera detector.  The recommended fix for this is to employ a .5 ND 
filter, as done in Chapter 4, to prevent radiation levels from nearing saturation on the 

























Figure A.1. Time-averaged quantitative images of radiation intensity for 4.34 ± 0.10 μm 
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